Listeria monocytogenes grows in the host cytosol and uses the surface protein ActA to promote actin polymerisation and mediate actin-based motility. ActA, along with two secreted bacterial phospholipases C, also mediates avoidance from autophagy, a degradative process that targets intracellular microbes. Although it is known that ActA prevents autophagic recognition of L. monocytogenes in epithelial cells by masking the bacterial surface with host factors, the relative roles of actin polymerisation and actin-based motility in autophagy avoidance are unclear in macrophages. Using pharmacological inhibition of actin polymerisation and a collection of actA mutants, we found that actin polymerisation prevented the colocalisation of L. monocytogenes with polyubiquitin, the autophagy receptor p62, and the autophagy protein LC3 during macrophage infection. In addition, the ability of L. monocytogenes to stimulate actin polymerisation promoted autophagy avoidance and growth in macrophages in the absence of phospholipases C. Time-lapse microscopy using green fluorescent protein-LC3 macrophages and a probe for filamentous actin showed that bacteria undergoing actin-based motility moved away from LC3-positive membranes. Collectively, these results suggested that although actin polymerisation protects the bacterial surface from autophagic recognition, actin-based motility allows escape of L. monocytogenes from autophagic membranes in the macrophage cytosol.
| INTRODUCTION
Although macrophages have an impressive arsenal of antimicrobial processes, they are one of the primary cells targeted by many species of intracellular bacterial pathogens. Therefore, in order to survive within macrophages, bacteria utilise numerous strategies to avoid and manipulate cell-autonomous defences (Mitchell, Chen, & Portnoy, 2016) . Although some intracellular bacterial pathogens employ secreted effectors to remodel the host cell and form an intravacuolar replicative niche derived from the endomembrane network, others escape and proliferate in the host cytosol. Most cytosolic bacterial pathogens exploit host actin polymerisation to move within and between host cells, a process for which the main function is assumed to be the dissemination of the pathogen within host tissues (Lamason & Welch, 2017) . However, exploitation of the actin polymerisation machinery by cytosolic bacterial pathogens may impact other cellular processes, including host cell-autonomous defences such as autophagy (Mostowy & Shenoy, 2015) .
Autophagy contributes to host cell homeostasis by targeting protein aggregates, dysfunctional organelles, and microbes for degradation in lysosomal-like compartments (Galluzzi et al., 2017) . Processes that rely on the autophagy machinery constitute a multilayered network of autonomous defences that protect the endomembrane system and the host cytosol against invading microbes (Huang & Brumell, 2014; Mitchell et al., 2018) . For example, microbes that escape the endomembrane system and access the cytosol may be recognised and tagged by ubiquitin chains, which recruit autophagy receptors such as p62 (Huang & Brumell, 2014; Randow & Youle, 2014) . In turn, these autophagy receptors function as molecular bridges that link microbes to LC3-positive autophagic membranes and promote autophagic engulfment. Numerous intracellular pathogens have evolved mechanisms to avoid or exploit autophagy as a strategy of pathogenesis (Huang & Brumell, 2014) .
The Gram-positive bacterium Listeria monocytogenes is a foodborne pathogen that grows in a wide variety of host cells and constitutes a model organism to study host-pathogen interactions (Cossart, 2011) . L. monocytogenes escapes the entry vacuole by secreting a pore-forming toxin listeriolysin O and two phospholipases C (PLCs; PlcA and PlcB; Schnupf & Portnoy, 2007; Smith et al., 1995) .
L. monocytogenes then replicates rapidly in the host cytosol and densely covers its surface with the bacterial protein ActA. ActA induces host actin polymerisation by acting as a nucleation promoting factor (Kocks et al., 1992; Pistor, Chakraborty, Niebuhr, Domann, & Wehland, 1994) , which allows L. monocytogenes to perform actinbased motility and spread from cell-to-cell (Portnoy, Auerbuch, & Glomski, 2002; Tilney & Portnoy, 1989) .
ActA has several functional domains that interact with the actin polymerisation machinery including an acidic stretch, an actin monomer-binding region, a cofilin homology sequence, and a central region with proline-rich repeats. Although the cofilin homology sequence is required for the activation of the Arp2/3 complex and plays a pivotal role in ActA function (Lauer, Theriot, Skoble, Welch, & Portnoy, 2001; Pistor et al., 2000) , the other domains exert modest contributions to actin-based motility and cell-to-cell spread (Skoble, Auerbuch, Goley, Welch, & Portnoy, 2001; Skoble, Portnoy, & Welch, 2000; Smith, Theriot, & Portnoy, 1996) . For example, the central region contains proline-rich repeats that control the rate and duration of actin-based motility by recruiting enable/vasodilator-stimulated phosphoprotein and profilin (Auerbuch, Loureiro, Gertler, Theriot, & Portnoy, 2003; Niebuhr et al., 1997; Smith, Theriot, & Portnoy, 1996) . While single mutations within the actin monomer-binding region or the central region do not prevent actin-based motility, a double mutant in these regions strongly impairs the intracellular movement of L. monocytogenes . Although the primary function of ActA is to mediate intracellular movement and cell-to-cell spread, ActA has also been implicated in bacterial aggregation and biofilm formation, internalisation in host cells, escape from the entry vacuole, induction of NF-κB, and autophagy avoidance (Pillich, Puri, & Chakraborty, 2017) .
L. monocytogenes actively interferes with growth-restricting autophagy using PLCs and ActA (Mitchell et al., 2015; Mitchell et al., 2018) . Results from previous studies demonstrated that ActA and PLCs primarily allow L. monocytogenes to interfere with autophagy during growth in the host cytosol (Mitchell et al., 2018; Tattoli et al., 2013) . However, L. monocytogenes can also be targeted by autophagy while transitioning from a vacuole to the host cytosol (Lam, Cemma, Muise, Higgins, & Brumell, 2013; Meyer-Morse et al., 2010; Mitchell et al., 2018; Thurston, Wandel, von Muhlinen, Foeglein, & Randow, 2012) . Although PLCs act on autophagic membranes and interfere with the sequestration of bacteria within autophagosomes (Mitchell et al., 2015; Mitchell et al., 2018; Tattoli et al., 2013) , ActA prevents the formation of a ubiquitin coat on the bacterial surface and the subsequent recruitment of autophagy receptors (Mostowy et al., 2011; Perrin, Jiang, Birmingham, So, & Brumell, 2004; Yoshikawa et al., 2009 ).
The exact mechanism by which ActA prevents autophagy is still under debate. An early study by Perrin et al. (2004) suggested that the ability of L. monocytogenes to perform actin-based motility interferes with the formation of a ubiquitin coat on the bacterial surface during macrophage infection but did not establish a link between ubiquitylation and targeting by autophagy. A subsequent study by Yoshikawa et al. (2009) confirmed that ActA mediates autophagy avoidance by blocking the ubiquitylation of L. monocytogenes during infection of epithelial cells. However, in apparent contradiction with Perrin et al. (2004) , this study showed that ActA interferes with ubiquitylation by coating and masking the bacterial surface with components of the host actin polymerisation machinery such as the Arp2/ 3 complex or enable/vasodilator-stimulated phosphoprotein. Importantly, results from Yoshikawa et al. (2009) suggested that the ability of ActA to prevent recognition of L. monocytogenes by autophagy is independent of actin polymerisation and actin-based motility.
Although the conclusions of Yoshikawa et al. (2009) dominate the current literature (Choy & Roy, 2013; Gong, Devenish, & Prescott, 2012; Huang & Brumell, 2014; Kimmey & Stallings, 2016; Mostowy, 2013; Mostowy & Shenoy, 2015; Pareja & Colombo, 2013; Welch & Way, 2013) , it is still unclear if actin polymerisation and actin-based motility play a role in the avoidance of L. monocytogenes from autophagy during macrophage infection.
In this study, we used bacterial genetics, immunofluorescence, and time-lapse microscopy to investigate the role of actin polymerisation and actin-based motility in the avoidance of L. monocytogenes from autophagy during macrophage infection. In agreement with Perrin et al. (2004) , our results demonstrated that actin polymerisation and actin-based motility protect the bacterial surface from autophagic recognition and promote the escape of L. monocytogenes from autophagic membranes in the macrophage cytosol. Our results also demonstrated that, in absence of PLCs, the ability to polymerise actin is required for L. monocytogenes growth in macrophages. and recruit the ubiquitin-binding autophagy receptor p62 during intracellular infection (Mostowy et al., 2011; Perrin et al., 2004; Yoshikawa et al., 2009) . In order to evaluate the role of actin polymerisation in the avoidance of L. monocytogenes from autophagic recognition, the effect of the actin polymerisation inhibitor cytochalasin D on the colocalisation of L. monocytogenes with polyUb and p62 was monitored during infection of bone marrow-derived macrophages (BMMs).
As previously reported, ΔactA bacteria colocalised with polyUb ( Figure 1a ) and p62 (Figure 1b) , and bacteria positive for polyUb were consistently positive for p62 (Figure 1c) . Surprisingly, treatment of macrophages with cytochalasin D dramatically increased the colocalisation of wild-type (WT; 10403S) L. monocytogenes with polyUb and p62 (Figure 1a, b, d) . Similar results were observed with another commonly used laboratory strain, EGD-e (Figure 1e ; Becavin et al., 2014 (Yoshikawa et al., 2009) , including mouse embryonic fibroblasts (MEFs; Figure S1 ), which suggested that ActA-mediated actin polymerisation interferes with autophagy in a subset of host cells (e.g., macrophages). Weakly impaired ActA mutants (ActA ΔAS , ActA ΔAB , and ActA PR ) had similar levels of actin cloud formation but exhibited significantly fewer actin tails in comparison with the WT strain ( Figure 2e ) and colocalised with punctae-like p62 + structures (Figure 2d,f) . Notably, the p62 + punctae-like structures associated with bacteria that had formed actin clouds but usually localised to bacterial poles associated with a weaker actin signal (Figure 2d ). Bacteria that formed actin tails rarely associated with p62 (<1%, 2 out of 202 actin tail + bacteria, 3 hr post-infection; Figure 2g ). These results showed that L. monocytogenes undergoing actin-based motility did not associate with p62 and that defects in ActA-mediated actin polymerisation led to phenotypically distinct associations with p62.
In order to gain insight into the significance of the punctae-like and bacteria-shaped p62 + structures, the kinetics of colocalisation of p62 with WT, the weakly impaired mutant ActA PR , and the strongly impaired mutant ActA CH were evaluated during macrophage infection Although ActA is not required for intracellular growth, a triple mutant lacking ActA, PlcA, and PlcB is subject to autophagy and fails to grow in macrophages (Mitchell et al., 2018) . To test the hypothesis that ActA-mediated actin polymerisation interferes with growth-restricting autophagy, PLC-minus strains (hereafter referred to as PlcAB 2.4 | Actin-based motility allows L. monocytogenes to escape from LC3 + membranes
Results from previous sections indicated that actin-based motility may play a role in the avoidance of L. monocytogenes from autophagy (Figures 2g and 3) . To test this hypothesis, the kinetics of L. monocytogenes that colocalised with green fluorescent protein (GFP)-LC3 during macrophage infection was monitored using time-lapse In addition, these results confirmed that PLCs acted on LC3 + membranes from the entry vacuole but also interfered with subsequent retargeting of cytosolic bacteria by autophagy.
The role of actin polymerisation and actin-based motility in the avoidance of L. monocytogenes from autophagy was further studied using time-lapse microscopy and a probe that stained F-actin during infection of GFP-LC3 macrophages. As previously observed ( Figure 6a and Movies S1 and S2), WT bacteria escaped from LC3 + entry vacuoles, replicated in the cytosol, and performed actin-based motility ( Figure 7a and Movie S11). The ability of WT L. monocytogenes to activate actin polymerisation was observed using the fluorescent actin probe through the formation of actin clouds and actin tails ( Figure 7a and Movie S11). Surprisingly, during infection of macrophages with the PlcAB − strain, F-actin was recruited within LC3 + entry vacuoles preceding its collapse and the escape of bacteria in the host cytosol (Figure 7b and Movies S12 and S13). This suggested that L. monocytogenes might use actin polymerisation to burst out of vacuoles more efficiently. Importantly, nonmotile PlcAB − bacteria were subsequently retargeted by distinct autophagy events, and bacteria that performed actin-based motility were protected from targeting by LC3 + membranes. These results further supported the hypothesis that actin-based motility allows L. monocytogenes to escape autophagosomal membranes during macrophage infection.
| DISCUSSION
The results of this study demonstrated that L. monocytogenes exploits actin polymerisation and actin-based motility to avoid autophagy during infection of macrophages. The data showed that intracellular An explanation for these apparent discrepancies is that actin polymerisation is important to protect cytosolic bacteria against autophagy in certain subsets of host cells (e.g., macrophages) but not in others (e.g., epithelial cells and fibroblasts; Figure S1 ). In accordance with this hypothesis, the ability to polymerise actin seemed to interfere with the ubiquitylation of M. marinum in macrophages (Collins et al., 2009) but did not protect S. flexneri from autophagy during infection of epithelial cells (Ogawa et al., 2005) . On the other hand, the cytosolic bacterial pathogen Francisella tularensis does not exhibit actinbased motility and requires the bacterial surface O-antigen polysaccharides to avoid ubiquitylation during macrophage infection (Case et al., 2014) . Therefore, the strategies used by cytosolic bacterial pathogens to avoid autophagic recognition vary across species and might be optimised for the infection of specific host cells. Given the wide range of cells infected by L. monocytogenes, one possibility is that ActA promotes autophagy avoidance by both blocking host access to the bacterial surface and by activating the actin polymerisation machinery.
These different mechanisms of autophagy avoidance could confer varying levels of protection depending on the cell type being infected by L. monocytogenes.
How might actin polymerisation interfere with the recognition of L. monocytogenes by autophagy during infection? It is possible that actin polymerisation in the vicinity of cytosolic bacteria protects the bacterial surface from autophagic recognition by blocking access to ubiquitin ligases and autophagy receptors. However, it is clear that cytosolic bacteria that form actin comet tails do not undergo ubiquitylation in macrophages (this study, Collins et al., 2009, and Perrin et al., 2004) , which suggests that actin-based motility protects cytosolic bacteria from autophagic recognition. In addition, our results
showed that in the absence of PLCs, L. monocytogenes used actin polymerisation not only to escape from the entry vacuole, as previously suggested by Poussin and Goldfine (2010) , but also to move away from LC3 + membranes using actin-based motility (Figures 6 and 7) .
However, it is not clear whether the interference of ActA with autophagic recognition and with the subsequent entrapment of bacteria by autophagic membranes are codependent phenomena. Although it is conceivable that actin-based motility allows intracellular bacteria to avoid entrapment by autophagic membranes, it is more difficult to explain how actin-based motility might protect from the action of ubiquitin ligases and the recruitment of autophagy receptors. We speculate that a certain period of time is required for the host cell to Beyond their function in antimicrobial autophagy, ubiquitin chains, autophagy receptors (e.g., p62), and ATG8 family proteins (e.g., LC3) might have a broader function and act as molecular tags that mark microbial invaders, allowing the recruitment of host components involved in various antimicrobial processes. For example, markers involved in autophagy also recruit interferon-regulated GTPases known to promote lysis of pathogen-containing vacuoles and cytosolic microbes (Mitchell & Isberg, 2017) . In addition, ubiquitylated proteins mediate the recruitment of the proteasome to cytosolic Salmonella enterica serovar Typhimurium (S. Typhimurium; Perrin et al., 2004) and Mycobacterium tuberculosis-associated structures (Franco et al., 2017) . However, the molecular mechanisms and exact consequences of this recruitment remain to be determined.
The decoration of the bacterial surface with ubiquitin chains may also act as a signalling platform that promotes the secretion of proinflammatory cytokines and autophagy-independent restriction of cytosolic bacteria, as shown for S. Typhimurium (Noad et al., 2017; van Wijk et al., 2017) . The interference of microbial pathogens with the recruitment of proteins involved in antimicrobial autophagy might then be part of a broader strategy to counteract host cell-autonomous defences and fine-tune the immune response.
Distinguishing antimicrobial autophagy from other host autophagic processes might lead to the development of host-targeted therapies to combat infectious diseases. The identification of ubiquitin ligases that selectively mark microbial pathogens will constitute one step towards delineating the unique features of antimicrobial autophagy and host cell-autonomous defence mechanisms. Ubiquitin ligases that target cytosolic S. Typhimurium (Huett et al., 2012; Noad et al., 2017; van Wijk et al., 2017) and M. tuberculosis-containing vacuoles (Franco et al., 2017; Manzanillo et al., 2013) have already been identified, but their spectrum of action remains to be further studied, and their host or bacterial substrates are unknown. Importantly, microbial substrates for ubiquitylation might represent excellent targets for the development of antimicrobials and vaccines, because the immune system usually recognises conserved microbial molecular patterns.
| EXPERIMENTAL PROCEDURES
4.1 | Bacterial strains, cell growth medium, and cell culture
The L. monocytogenes strains used in this study are listed in Table 1 . All mutant strains were derived from 10403S (Becavin et al., 2014) , including Δhly (Jones & Portnoy, 1994) . Strains were grown in brain heart infusion broth at 30°C overnight prior to each experiment unless otherwise specified. BMMs were prepared and cultured using standard procedures, as previously described (Mitchell et al., 2015) . -LysM-cre, and GFP-LC3 mice were previously described (Martinez et al., 2015; Watson, Manzanillo, & Cox, 2012) .
MEFs were obtained from The University of California, Berkeley Cell Culture facility and were grown at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 1 mM sodium pyruvate.
| Intracellular growth curves
Intracellular growth curves were performed, as previously described (Mitchell et al., 2015) . BMMs were infected at a multiplicity of infection ( 
| Plasmids and strain construction
Plasmid DNA isolation and purification of DNA fragments were performed according to manufacturers' recommendations (QIAGEN, Redwood City, CA). Polymerase chain reactions (PCRs) were performed using Kapa polymerase (Kapa Biosystems, Wilmington, MA, USA). Unless otherwise stated, all other molecular reagents were purchased from New England Biolabs (Ipswich, MA, USA).
Escherichia coli SM10 (Simon, Priefer, & Puhler, 1983 ) carrying pKSV7-oriT PlcB H69G (DP-E6570; Mitchell et al., 2018; Zuckert, Marquis, & Goldfine, 1998) (DP-L6606), as previously described (Lauer, Chow, Loessner, Portnoy, & Calendar, 2002) .
| Time-lapse microscopy
GFP-LC3 BMMs were seeded in 35-mm dishes (MatTek, Ashland, MA;
P35GC-1.5-14-C) using 1 × 10 6 cells in media without phenol red. Overnight cultures of L. monocytogenes strains expressing mCherry were diluted 1:12 in brain heart infusion broth and incubated for 1 hr 45 min at 37°C with shaking. The bacterial cultures were then washed and diluted 1:500 before infecting macrophages for 3 min.
Infected cells were washed 3 times with PBS, and imaging was performed in media without phenol red containing a 1:100 dilution of ProLong Antifade Reagents for Live Cells (Invitrogen).
A silicone rhodamine (SiR)-actin probe (Cytoskeleton, Denver, CO, USA; CY-SC001) was used to visualise actin dynamic in live cells, following manufacturer's recommendations. Briefly, GFP-LC3 BMMs were pretreated 1 hr prior to infection with 1 μM SiR-actin probe and 10 μM verapamil (Cytoskeleton), an efflux pump inhibitor used to enhance probe retention and staining. Live imaging was performed in the presence of 100 nM SiR-actin probe and 10 μM verapamil for the duration of the experiment.
Time-lapse microscopy experiments were performed using a KEYENCE BZ-X710 fluorescence microscope equipped with an incubation chamber at 37°C with 5% CO 2 using the focus tracking func- 
| Ethical statement
This study was performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (National Research Council, 1996) . Protocols were approved by the Animal Care and Use Committee of the University of California, Berkeley.
| Statistical analysis
GraphPad Prism software (v.7.00) was used to perform statistical analysis. Specific statistical tests and number of independent experiments carried out are indicated in each figure legend.
